Solar thermal energy is a very convenient source of heating which is environmentally benign. Solar collectors convert solar radiation into heat and transfer the heat to a medium. Flat-plate solar collectors are the most common and cost effective devices for exploiting solar energy. However, these systems have relatively low efficiency due to the poor thermo-physical properties of working fluid. Dispersing of nanometer sized particles into the base fluid is proposed as an efficient method to improve heat transfer properties of the working fluid. In order to evaluate the thermal performance of nanofluid in a solar collector, firstly, it is essential to understand the thermo-physical variations of base fluid through addition of nanoparticles. Thermo-physical properties of base fluid vary with parameters such as particle concentration, particle diameter, and particle shape. In this study the effect of these parameters are explored on thermal performance of a flat-plate solar collector theoretically. Investigating shape effect of particles on collector efficiency is a highlight in this study. It is observed that increasing nanoparticles volumetric concentration leads to enhancenement in flat-plate collector efficiency. Reversely, particle size enhancement reduces the efficiency. In addition, particle shape affects collector efficiency. For different shapes of particles, including spherical, brick, cylinders, platelets, and blades, the blade shape particles relatively have the highest efficiency.
INTRODUCTION
Early completion of fossil fuels, carbon monoxide emissions and global warming are the most controversial subjects which make it necessary to use clean energy. The hourly clean and over abundant solar flux on Earth's surface is greater than all of human energy consumption in a year (Lewis, 2007) . In addition, solar energy can be used in industrial applications such as heating, cooling, electricity generation and hydrogen production and so on (Ding et al., 2012; Dagtekin et al., 2014; Hosseini and Hosseini, 2012) . Solar collectors are very habitual nowadays, which convert solar radiation into heat. Flat-plate solar collectors are the most frequent solar heaters. However, these systems have comparatively low efficiency. One of the main problems is the absorption of incident solar irradiation and heat transfer from the collector. In order to increase the efficiency of solar collector, adding nanometer sized particles into the base fluid has been offered. Adding nanometer-sized particles to a fluid revealed better thermo-physical properties of base fluid such as thermal conductivity. Nanofluid improves thermal performance of a collector in two ways. Firstly, in conventional flat-plate collectors, nanofluid improves thermo-physical properties of fluid which is investigated in many studies (Moraveji and Razvarz, 2012; Mahmoodi and Hashemi, 2012; Ghadimi et al., 2011; Peyghambarzadeh et al., 2011; Ramesh and KotekarPrabhu, 2011; Roy et al., 2012) . Secondly, in direct absorption solar collectors, which solar energy is directly absorbed with in the fluid volume, nanofluid enhances solar incident absorption drastically (Khullar et al., 2013; Lenert and Wang, 2012; Veeraragavan et al., 2012; Taylor et al., 2012) . Tiwari et al. (2013) theoretically demonstrated the enhancement of collector efficiency by using nanofluid as working fluid in flat-plate collector and the potential of reducing 31% in CO 2 emission in comparison with the conventional models. Yousefi et al. (2012) observed 28.3% enhancement in efficiency for 0.2 wt% nanoparticles concentration compared to pure water in a flat-plate collector. In another study, Faizal et al. (2013) , show that the solar plate collector's size can be reduced up to 37% of its original size by applying MWCNT nanofluid.
Flat-plate solar collector efficiency is affected by several parameters such as nanoparticles concentration, particle diameter, substance, temperature and also the particle shape. Although previous researches indicated the beneficial effects of using nanofluid in a flat-plate solar collector, but the particle shape has not been investigated on collector performance yet. The objective of this study is to investigate the efficiency of a conventional flat-plate collector theoretically while exploiting nanofluid as the heat transfer agent. Parameters such as particle size and particle concentration have been varied in order to exhibit these variations on collector efficiency. Lastly, the collector efficiencies were evaluated for five shapes of cylinders, platelets, bricks, blades and spherical shapes of nanoparticles. In order to achieve this goal, the energy balance equation is solved in MATLAB.
THERMAL PERFORMANCE OF A FLAT-PLATE COLLECTOR
The thermal efficiency of a solar collector is the ratio of collected thermal energy (Q u ) to the total incident energy which is shown in Eq. (1). On the other hand, The useful energy is defined by difference absorbed and dissipating energy from the collector absorber which is obtained by Kalogirou (2009) . Therefore the instantaneous collector efficiency obtains via Eq. (3). 
Where m · is the fluid mass flow rate, C p is nanofluid specific heat capacity, A SC is the area of the collector, F R is the heat removal factor, G T is the incoming solar radiation, τα is the absorptance-transmittance product, U L is the overall loss coefficient, T i is the inlet fluid temperature, T O is the outlet fluid temperature of solar collector, and T a is the ambient temperature.
Absorption of solar energy by working fluid through the absorber causes the enhancement of fluid temperature. Heat removal factor depends on the collector efficiency factor and the collector flow factor which is shown in Eq. (4) through Eq. (6), respectively. In above equations, W is the distance between two parallel tubes, D is the tube outer diameter, D i is the tube inner diameter which are shown in Figure 1 , C b is the bond conductance which can be calculated from knowledge of bond thermal conductivity k b the average bond thickness γ, and the bond width b. Eq. (7) expresses the bond conductance. Also, term F refers to the fin efficiency which is shown in Eq. (8). (7) (8)
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In order to estimate the heat transfer coefficient between the fluid and the tube wall, h if in Eq. (5), the following equation is used in the study: (10) Where, Nu is the Nusselt number, k is the thermal conductivity and D is the tube diameter. Several models suggest a method for predicting Nusselt number in a tube. A comprehensive list for assessment nanofluid Nusselt number is presented in Sundar study (Sundar and Ksingh, 2013) . These models usually depend on particle type, particle concentration, flow regime and probably other effective variables such as temperature. Also, each of these models is valid in specific ranges of Reynolds and Prandtl numbers. We use Maiga et al. (2006) correlation for evaluating Nusselt number which is brought in Eq. (11). (11) Reynolds and Prandtl numbers as checking parameters are: 10 4 < Re < 10 5 6.6 < Pr < 13.9 0.0 < ϕ < 1.0 % Reynolds number and Prandtl number are obtained by the following correlations:
Where m · is the mass flow rate of fluid flow, D is the tube diameter, µ is the viscosity,
Evaluation of nanoparticle shape effect on a nanofluid based flat-plate solar collector efficiency C p is the specific heat capacity and k is the thermal conductivity.While nanofluid was applied as working fluid in this study, it influences the heat transfer coefficient, h if , and the dimensionless parameters of solar collector including collector efficiency factor and collector flow factor as well. Therefore, for determination h if , it is necessary to evaluate thermo-physical properties of nanofluid. Then, after obtaining the different parameters affecting thermo-physical properties of the nanofluid, thermal efficiency of the flat-plate solar collector was derived as it will be mentioned.
Evaluation the effect of nanoparticle on thermo-physical properties of the base fluid
Density and specific heat of nanofluid, is one of the effective parameters for collector flow factor and thermal performance of solar collector. Density and specific heat of nanofluid is evaluated by applying solid-liquid mixture equation which is estimated through Eq. (14) and Eq. (15). The percentage of volume concentration (ϕ) is normally used for expressing the mixture properties of nanofluids. (14) ( 15) nanofluid viscosity is another effective parameter for evaluating thermal performance of solar collectors. A comprehensive review on theoretical models and correlations related to nanofluid viscosity is conducted by Mahbubul et al. (Mahbubul et al., 2012) . Sharma model expresses nanofluid viscosity as a function of particle concentration (ϕ), particle size (d p ), and fluid temperature (T nf ) which is presented in Eq. (16). (16) Thermal conductivity of nanofluid, is the most effective parameters among all thermophysical properties of fluid for investigation the solar collector efficiency. Many theoretical studies have been conducted dating back to the classic work of Maxwell (Maxwell, 1981) to predict thermal conductivity of nanofluid. This model was developed to determine the effective thermal conductivity for spherical particles embedded in a base medium. Therefore, in order to assess particle concentration (ϕ), particle size (d p ), and fluid temperature (T nf ) effects on the thermal conductivity, Azimi and Sharma (Azimi et al., 2010) have proposed the following equation: 
The flow properties of nanofluid such as viscosity and thermal conductivity depend on volume concentration, particle shape, surface modification etc… (Tyagi et al., 2009; Esen and Esen, 2005) . There is not any exact model which can predict the viscosity versus shape of nanoparticles theoretically. There are some experimental correlations for nanoparticle shape effect on the viscosity of nanofluid. For thermal conductivity of non-spherical particles Maxwell model has been extended by Hamilton and Crosser (Hamilton and Crosser, 1962) . They introduced a shape factor, n, given by n = 3/ψ, where ψ is the particle sphericity. The particle sphericity is defined as the ratio of the surface area of a sphere to the surface area of the particle with the same volume for both of particles. The Hamilton and Crosser effective conductivity is expressed as follows: (18) In the above equation, k p and k f represent the thermal conductivities of the particle material and the base fluid and is the volume fraction of nanoparticles. Timofeeva et al. (2009) investigated experimentally thermal conductivity and viscosity for different shapes of alumina nanoparticles. Four shapes including platelets, blades, cylinders, and bricks were studied in this research. They obtained the thermal conductivity correlation to alumina particle shape in 50/50 EG/H 2 O base fluid by Eq. (19), Where C k is thermal conductivity coefficient. Also, they proposed the equation (20) for alumina-EG/H 2 O viscosity. Where, C µ is the viscosity enhancement coefficient, determined from experimental viscosity ratio.
(19) (20) In order to compare the result of these four shapes in the Timofeeva study with the results for spherical shape particles on collector efficiency, constant coefficient C k and C µ for spherical alumina particles solved in 50/50 EG/H 2 O solution have been obtained. This information is calculated via generalized least squares method with experimental data in references number (Das et al., 2003a; Teng et al., 2010; Nambura et al., 2007; Nguyen et al., 2008; Das et al., 2003b) . Table 1 shows shape related parameters for five shapes of alumina nanoperticles. Column 5 in table 1 exhibits our results for C k and C µ that is obtained for spherical particles.
Evaluation of nanoparticle shape effect on a nanofluid based flat-plate solar collector efficiency

RESULTS AND DISCUSSION
In order to obtain the effect of particle volume concentration on the collector efficiency, the properties are assumed for alumina spherical nanoparticles with 15 nm diameter. Sharma models are used to predict viscosity and thermal conductivity. 50/50 EG/H 2 O is used as the base fluid. The mass flow rate, the area of the collector and solar irradiation are 0.07 kg/s, 2 m 2 and 800 W/m 2 , respectively. In addition, the parameters related to flat-plate sheet and tube including the distance between two parallel tubes (W), the tube outer diameter (D), absorber thickness (δ), and the bond conductance (C b ) are: 100 mm, 10 mm, 1 mm, and 30 W m .k respectively. Other constant parameters are shown in Table 2 . Figure 2 shows the variation in collector efficiency as a function of the particle volume concentration, by using nanoparticles with 15 nm diameter in 50/50 EG/H 2 O. T w and T b are considered 50 ˚C and 45 ˚C, respectively. The particle volumetric fractions were varied in the range 0.0% to 1.0% in these calculations. It can be observed from this figure; the collector efficiency increases sharply with volumetric fraction and tends to reach maximum value, around 60%, near the upper limit. Figure 3 indicates the variation in the collector efficiency as a function of the nanoparticle size. The nanoparticle volumetric fraction is considered 0.7% for the collector efficiency. The particle sizes in these calculations vary from 20 nm to 80 nm. This figure shows that reducing the particle size further, leads to greater enhancement in efficiency. In this model, by decreasing the particle size, the thermal conductivity of the suspension enhances (not shown here), and also the optical peak absorption is outgrown in smaller nanoparticles. As a result, these reasons lead to increase in the overall collector efficiency by decreasing the particle size.
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Evaluation of nanoparticle shape effect on a nanofluid based flat-plate solar collector efficiency Figure 2 . Collector efficiency as a function of particle concentration. 
Particle shape effect on collector efficiency
In this study, Timofeeva model is applied to demonstrate thermal conductivity enhancement of alumina nanofluids corresponding different particle shapes (platelets, blades, cylinders, bricks, and spherical particles). Results for thermal conductivity enhancement are shown in Figure 4 as a function of nanoparticle volumetric fraction. Besides, the viscosity of nanofluid as a function of nanoparticle concentration for different shapes via Timofeeva model is evaluated. The viscosity enhancement coefficient (C µ ), is calculated from the C µ /C k ratio which is brought in Table 1 . Figures  4 and 5 show thermal conductivity and viscosity of nanofluid for different shapes of alumina nanoparticles suspended in a 50/50 EG/H 2 O solution through volumetric fraction enhancement, respectively.
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Figure 4. Thermal conductivity of alumina nanofluids vs particle concentration.
In this section the solar collector efficiency is calculated for five shapes alumina nanoparticles suspended in 50/50 EG/H 2 O solution. The mass flow rate is 0.07kg/s. Thermal conductivity via both Hamilton-Crosser model (Eq. (18)) and Timafeeva model (Eq. (19)) for five shapes is assessed. These two models evaluate the shape effect of nanoparticles on the solar collector efficiency. It is observable from Figures  (6 -10 ), that at low particle concentrations; both models predict nearly the same efficiency for the flat-plate collector. However, while applying Hamilton-Crosser model for thermal conductivity, higher efficiency in comparison with Timofeeva model in higher concentrations is expected. It possibly created due to outgrown nanoparticle diameter as a consequence of nanoparticles agglomeration in Timofeeva model. As a result and according to Figure 3 , less solar collector efficiency is obtained by applying Timofeeva model. However, at low particle concentrations (up to 0.4%), results for both models are very adjacent. Therefore, for low particle concentrations these models are recommended and for higher concentrations, other theoretical models or experimental data is required to evaluate which model is more precise.
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Evaluation of nanoparticle shape effect on a nanofluid based flat-plate solar collector efficiency Figure 5 . Viscosity of alumina nanofluids vs particle concentration. Figures 4 and 5 , High conductivity and slight enhancement of viscosity with particle concentration increment, lead to higher collector efficiency values at low concentrations of blade shape nanoparticles. The significant point is that, although bricks shape and spherical particles have lower values of thermal conductivity and the enhancement of viscosity is less than other shapes, but, according to Hamilton-Crosser model, in higher particle concentrations, higher values efficiency for solar collector are achieved. Also, Timofeeva model predicts the same trend for various shapes of particles and blade shape particles lead to the highest efficiency for collector. Nevertheless, in Timofeeva model the efficiency trend remains constant in higher particle concentrations and it continues in a relatively linear trend.
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Figure 11. Collector efficiency vs particle concentration for different shapes of particles using Hamilton-Crosser model to predict thermal conductivity.
Enhancement in the collector efficiency can be attributed to the augmentation of Nusselt number. Figure 13 , depicts the Nusselt number profile as a function of Reynolds number for 1 V/V% nanoparticle concentration. It can be observed from Figure 13 that for a fixed value of Re, in high Re numbers, bricks shape particles have the highest Nusselt number. As seen in Figure 13 , in high Re numbers, arrangement of nanoparticles in the most to least amounts of Nusselt are in agreement with the range from highest to lowest collector efficiency by Hamilton-Crosser model in high nanoparticle concentration and also, in low Re number this arrangement is in agreement with both models results .The observation justifies the higher enhancement in collector efficiency for blade shape particles.
CONCLUSION
Using nanofluids as the working fluid has been demonstrated here to offer advantages over conventional fluids. The influences of various parameters, such as nanoparticle size and volume concentration and nanoparticle shape on the flat-plate collector efficiency were studied. Results show that for spherical alumina nanoparticles, the collector efficiency was found to increase with enhancement in particle volume concentration. In addition, according to the present results, the collector efficiency reduces by enhancement of nanoparticle size in constant volumetric fractions because as less the particle size decreases, the more the thermal conductivity of the suspension 672
Evaluation of nanoparticle shape effect on a nanofluid based flat-plate solar collector efficiency Figure 12 . Collector efficiency vs particle concentration for different shapes of particles using Timofeeva model to predict thermal conductivity.
enhances. Finally, the shape effect of alumina nanoparticles on collector efficiency in a 50/50 EG/H 2 O solution was investigated. Study results showed that for different particle shapes, including spherical, bricks, blades, platelets, and cylinders; blade shape particles have the highest collector efficiency in concentrations lower than 0.8 V/V%. Although bricks and spherical particles have lower values of thermal conductivity, the enhancement of viscosity is less than other shapes for these two shapes. Hence, while Hamilton model is applied, there is a swift increment in collector efficiency for concentration higher than 0.8 V/V% for brick and spherical particles. Also, at lower particle concentrations (up to 0.4%), results for both Hamilton and Timofeeva models are very close. 
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